These panels cover a total of more than 100 genes, and breast cancer is specifically mentioned as an indication for 21 of these genes. However, the fact that the technology is available does not necessarily mean that such tests are appropriate or desirable.
According to the framework proposed by the ACCE (established by the Centers for Disease Control and Prevention), genetic tests should be evaluated on the basis of the four criteria from which the name ACCE is derived: analytical validity, clinical validity, clinical utility, and ethical, legal, and social issues. 3 Analytical validity refers to the degree of accuracy with which a test detects the presence or absence of a mutation. Here, however, we focus on the key question of clinical validity: Are the variants the test is intended to identify associated with disease risk, and are these risks well quantified? The validity of the risk estimates is a key determinant of the clinical utility of panel testing, which in turn should inform decisions regarding the adoption of the testing in clinical practice. We do not consider in detail who should undergo testing, what level of risk is associated with any given variant that might be considered clinically useful, or how that risk might be managed. However, broadly similar guidelines for managing the care of women with a family history of breast cancer exist in several countries (Table 2) . These guidelines are based on the stratification of patients according to levels of risk and provide guidance on the identification of women to whom screening (by means of mammography or magnetic resonance imaging), risk-reducing medication, and risk-reducing surgery should be offered. These recommendations could be modified to reflect the identification of risk variants through the use of gene-panel testing. Whatever the recommendations for the management of care, the underpinnings of the guidelines should be based on reliable estimates of the risk of cancer.
Before these guidelines are developed, the appropriateness of the tests themselves needs to be considered. The determination of analytical validity for laboratory-developed diagnostic tests falls under the remit of the Clinical Laboratory Improvement Amendments (CLIA) of 1988, but neither clinical validity nor clinical utility is part of the assessment process. Therefore, whereas new drugs without clinical utility will not be approved by the Food and Drug Administration (FDA), gene-panel tests can be adopted without Several key questions must be addressed in order to establish clinical validity. First, are variants in the gene associated with breast-cancer risk? Second, which variants, or classes of variants, are associated with risk? Third, what is the magnitude of those risks? Fourth, what methods have been used to estimate those risks? We will concentrate on the genes in which rare variants have been proposed to confer a moderate or high risk of breast cancer. For the purpose of this review, we define moderate risk as a risk of breast cancer, defined in terms of disease incidence, that is two to four times as high as that in the general population and high risk as an incidence that is more than four times as high. 9 We leave aside the separate question of risk prediction in which profiling based on the genotyping of common polymorphisms is used (see box). We will restrict our attention to the prediction of risk in women unaffected by breast cancer, although somewhat analogous issues apply to testing in affected women. We focus on the question of breast-cancer risk, but similar considerations apply to other cancers. Indeed, some of the genes considered here also confer a predisposition to ovarian cancer, pancreatic cancer, and other cancers, and some of the available panels also include genes putatively involved in a wider range of cancers (Table 3, and  Table S2 in the Supplementary Appendix). We leave aside the use of panel testing for the identification of cancer syndromes and for the management of disease in women who have cancer.
Types of Genetic Variants
Most panel testing involves identifying the coding sequences and splice junctions of the genes of interest, often in combination with alternative methods used for the detection of large genomic rearrangements. 35 Most of the variants identified are single-base substitutions and small insertions or deletions (indels). We refer to all nonsense substitutions, frameshift indels, and variants affecting splicing as protein-truncating variants. For the large majority of genes, most of the evidence on breast-cancer risk relates to protein-truncating variants assumed to result in loss of function.
Statistical Significance and Burden Tests
It is important to establish stringent levels of statistical significance. Although it would be ideal to have specific evidence for every variant detected, most variants for which there is a suspicion of association with a high risk of disease are rare, and the sample sizes required to establish allele-specific associations with risk are so large as to make the task infeasible. Consequently, some form of burden testing is frequently used in which the association between carrying any variant in a specific class and the risk of disease is evaluated. A potential problem with this method is that it does not indicate whether any specific variant identified is associated with disease. It is often assumed that all protein-truncating variants are equally pathogenic; however, all such variants do not confer the same risks. For missense variants, the situation is even more problematic.
Strength of Statistical Evidence for Association
The issue of what constitutes appropriate levels of significance for targeted sequencing has not been extensively discussed. An exomewide sigApproximately 100 independent common variants (consisting primarily of single-nucleotide polymorphisms [SNPs]) associated with breast-cancer risk have been identified through large-scale genotyping studies. These variants typically have minor allele frequencies higher than 1%, and all confer risks that are less than 1.5 times as high as those in the general population; almost all these polymorphisms occur in noncoding sequences. Some commercial genetic panels include a subset of these SNPs. Thus, at present, there is a reasonably clear distinction between SNPs that confer a small increased susceptibility to breast cancer and variants that confer a moderate-to-high susceptibility as identified through sequencing. However, some sequence variants located in genes classified as conferring a high or moderate risk confer risks that fall below the threshold for moderate risk (i.e., two times as high as that in the general population). Examples include BRCA2 p.Lys3326Ter and CHEK2 p.Ile157Thr. Use of the term "low risk" for variants conferring a risk that is less than moderate is widespread, but it is not a particularly helpful term for counseling purposes, since carriers of such variants are still at an elevated level of risk. nificance level of P<2.5×10 −6 is often used for whole-exome studies (calculated on the basis of a Bonferroni correction for approximately 20,000 genes). Since most genes associated with susceptibility to breast cancer are involved in DNA repair (a class involving fewer than 500 genes), more liberal significance levels (on the order of P<0.0001) might be appropriate for genes in this pathway. The use of Bayesian arguments leads to similar thresholds (see the Methods section in the Supplementary Appendix). Although these significance thresholds may be appropriate for a single burden test, more stringent thresholds would be required for calculations involving individual variants. A related question is the precision of the risk estimate. It is clearly undesirable to give a patient an estimate of risk that may be subject to substantial change when additional data are acquired. For the purposes of this review, we consider it to be likely that a given risk will be above (or below) a certain threshold if the 90% confidence limit on the risk estimate exceeds (or is less than) the threshold.
Definition of Risk
Our estimates are presented primarily in terms of average relative risks. We recognize that for purposes of counseling, absolute estimates of risk (projected over a few years or a lifetime) are more useful. However, most studies report estimates of relative risk rather than absolute risk, and absolute risks are more strongly influenced by risk factors for breast cancer, such as a family history of breast cancer, age at menopause, and breast density on mammography. In the case of a rare variant conferring a relative risk of 2 or 4, the corresponding absolute risks of breast cancer would be approximately 18% and 32%, respectively, by the time a patient reached 80 years of age (according to recent U.K. incidence rates), 36 in the absence of other causes of death. These risks approximately correspond to the definitions of moderate and high risk familiar to the clinical genetics community. 4 It follows that the identification of a variant conferring a relative risk higher than 4, in the absence of any other data, can place a woman in the high-risk category. In contrast, a variant conferring a relative risk of 2 to 4 will place a woman in the high-risk category only if her risk is increased by other factors. For some genes (notably, BRCA1, 10 CHEK2, 31 and ATM 27 ), there is 22 Heikkinen et al., 23 Rahman et al., 24 Erkko et al. 25 The New England Journal of Medicine * Moderate risk is defined as an average increase that is two to four times as high as that in the general population (on the basis of disease incidence) and high risk as an increase that is more than four times as high. When a quantitative analysis has been performed, "likely" indicates that the lower 90% confidence limit on the relative-risk estimate exceeds the threshold, and "unlikely" indicates that the upper 90% confidence limit on the relative-risk estimate is lower than the threshold. † The majority of missense variants have not been shown to be associated with risk. ‡ Estimates were obtained from the Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation Algorithm (BOADICEA) risk model for BRCA1 and BRCA2, from a single study for TP53 and CDH1, and from a meta-analysis of multiple studies for the other genes (see the Methods section and However, estimates were based on selected families with the Cowden syndrome or related syndromes, resulting in an overestimate of risk.
** The cumulative breast-cancer risk for women with the Peutz-Jeghers syndrome has been reported to be 45% by 70 years of age (90% CI, 29-64). 19 However, this estimate did not allow for ascertainment, which would result in an overestimate of risk even in families at high risk for disease. Furthermore, the data included patients with the Peutz-Jeghers syndrome in whom no STK11 variant had been identified. † † Risk estimates are based on follow-up data from patients with neurofibromatosis type 1, which is caused by both truncating and missense mutations in NF1 (although the majority are protein-truncating mutations). There are no published risk estimates for mutations in NF1 according to mutation type.
The evidence that the rate ratio declines with age. The published overall relative risk estimates can thus provide a misleading estimate of lifetime risk. Ideally, age-specific estimates are required, but the data available on risks for older women are often limited.
Study Design
Appropriate study design is critical for both the identification of disease-associated alleles and the derivation of reliable risk estimates. Several study designs are available ( Table 4 ). The use of case-control studies for risk estimation involving rare variants can be problematic; familybased methods, including kin-cohort designs and cosegregation analysis, provide alternatives, but these methods also have pitfalls. Furthermore, many studies are based on a few variants that are restricted to specific populations; although it is generally assumed that the risk estimates associated with different truncating variants observed in other populations are similar, it is usually impossible to test this assumption.
Overestimation of Risk
The problems of publication bias, in which negative studies are not published, and winner's curse, whereby an initial study identifying an association tends to overestimate the risk, should be noted. 38 Furthermore, many gene-discovery studies oversample for early-onset cases of disease or cases with a family history. This approach improves power but leads to seriously biased risk estimates unless the ascertainment is allowed for in the analysis. Moreover, risk estimates based on data from highly selected families may not reflect the true "average" risk for all carriers of pathogenic variants, because such biased sampling results in a selection of individuals that are not random with respect to other modifiers of risk.
E vidence of A ssociation for Specific Genes
Here we review several genes for which some evidence of an association with breast cancer has been reported. A summary of the genes for which an association with breast cancer has, in our view, been established is given in Table 3 . See Table S2 in the Supplementary Appendix for a list of genes for which an association with breast cancer has been suggested but not established and Table S3 for a summary of the studies used to derive estimates of breast-cancer risk. The Methods section in the Supplementary Appendix summarizes the methods used to derive summary estimates of risk.
BRCA1 and BRCA2
The clinical validity and utility of testing for variants in BRCA1 and BRCA2 are well established. There is overwhelming evidence that most protein-truncating variants in these genes are associated with a high risk of breast cancer and other cancers. 10, 12, 13 Even among proteintruncating variants, however, variant-specific differences in risk have been observed. 39 Furthermore, a polymorphic nonsense variant at the carboxyl terminus of BRCA2, p.Lys3326Ter, has been reported to be associated with a relative risk of breast cancer of 1.4 (90% confidence interval [CI], 1.2 to 1.7), 40 which is substantially lower than the risks conferred by more proximal truncating variants (Table 3) .
TP53, CDH1, PTEN, STK11, and NF1
Mutations in TP53, CDH1, PTEN, STK11, and NF1 cause pleiotropic tumor syndromes in which breast cancer is only one feature. Germline mutations in TP53 (both protein-truncating and missense mutations) are responsible for the LiFraumeni syndrome, in which carriers are predisposed to childhood sarcomas, brain tumors, adrenocortical carcinoma, and other rare cancers, in addition to breast cancer. 41 Although the association with breast cancer is not controversial, reliable estimates of risk are lacking; most studies are based on pedigrees in which family members have features of the Li-Fraumeni syndrome and thus are subject to ascertainment bias. However, a study based on carriers of a TP53 mutation identified through probands with childhood sarcoma has also reported a high risk of breast cancer. 15 Similar ascertainment biases apply to mutations in PTEN and STK11. Mutations in PTEN are associated with the Cowden syndrome, in which breast cancer is a characteristic of the clinical phenotype, 16, 17, 42 and mutations in STK11 are associated with the PeutzJeghers syndrome and an increased risk of breast cancer. 19 Protein-truncating variants in CDH1, which are known to be associated with diffusetype gastric cancer, are also thought to be as- sociated with an increased risk of breast cancer (specifically, the lobular subtype), with a reported relative risk of 6.6 (90% CI, 2.2 to 19.9; P = 0.004). 18 Recent cohort studies 20, 21 have reported an elevated risk of breast cancer in women with neurofibromatosis type 1 (odds ratio, 2.6; 90% CI, 2.1 to 3.2).
PALB2, CHEK2, ATM, NBN, and Related Genes
There is strong evidence that protein-truncating variants in four other genes involved in DNA repair confer an increased risk of breast cancer. Among these genes, mutations in PALB2 appear to confer the highest risks. A large family-based study estimated the risk of breast cancer to be approximately six times as high among carriers as compared with noncarriers, 22 although two case-control studies based on the Finnish founder variant, c.1592delT, estimated somewhat lower risks. 23, 25 In a meta-analysis of these estimates the combined relative risk was 5.3 (90% CI, 3.0 to 9.4). Thus, although PALB2 mutations may fall into the high-risk category (in which the risk of cancer is more than four times as high as that in the general population), the confidence limits are too wide to be certain. Most of the data for CHEK2 relate to the c.1100delC variant, which is found fairly frequently in Northern European populations. 30 On the basis of two large casecontrol analyses, we calculated an estimated relative risk of breast cancer of 3.0 (90% CI, 2.6 to 3.5). 31, 32 Truncating variants in ATM have been evaluated in both case-control studies (with selected cases) 26 and cohort studies of relatives of patients with ataxia-telangiectasia. [27] [28] [29] In a meta-analysis of the three largest cohort studies of relatives of patients with ataxia-telangiectasia, the estimated relative risk of breast cancer was 2.8 (90% CI, 2.2 to 3.7; P = 4.7×10 −11 ), a value similar to that for truncating variants in CHEK2.
In NBN, one protein-truncating variant, c.657del5, is sufficiently common in some Eastern European populations to allow its evaluation in a case-control study. A meta-analysis of 10 studies reported strong evidence of an association with breast-cancer risk for this variant (summary relative risk, 2.7; 90% CI, 1.9 to 3.7; P = 5×10 −7 ). 34 More limited evidence is available for two other DNA-repair genes, MRE11A and RAD50, which encode proteins that form an evolutionarily conserved complex with NBN. [43] [44] [45] [46] [47] [48] Mutations in three other DNA repair genes, RAD51C, RAD51D, and BRIP1, have shown clear evidence of an association with ovarian cancer. [49] [50] [51] [52] [53] However, in each case, the evidence for association with breast cancer is limited. Recent exome studies and targeted sequencing studies have suggested that breast cancer is associated with deleterious variants in FANCC, 54 FANCM, 55 and XRCC2. 56 In none of these instances, however, does the evidence reach the threshold level (P<0.0001) that we propose for DNA-repair genes. The recent findings of deleterious mutations in RECQL in women with a strong family history of breast cancer, however, suggests that this gene confers susceptibility to breast cancer. 57, 58 Other Genes
The panels currently marketed for the prediction of risk of cancer contain many other genes, most of which have been included by virtue of their relevance to rare mendelian cancer syndromes. Variants in some of these genes may also be associated with breast cancer. Mutations in DNA mismatch-repair genes (MLH1, MSH2, MSH6, and PMS2) may be associated with breast cancer, but in a recent review, Win et al. 59 concluded that the evidence was equivocal. It has also been suggested that MUTYH variants that confer a predisposition to polyposis colorectal cancer may confer a predisposition to breast cancer, but a recent case-control study reported no association. 60 Another recent study suggested that carriers of MEN1 mutations may be at increased risk for breast cancer. 61 A recent case-control study has reported an association between rare variants in PPM1D and breast cancer. 62 However, this association does not reach our proposed significance threshold, and, in addition, the sequence variants are observed as mosaics in lymphocytes and are not inherited. There is currently no clear evidence of an association between breast cancer and any other gene.
Missense Variant s
With the exception of TP53, the assessment of the risk of breast cancer from missense variants is much more problematic than it is for proteintruncating variants. Some missense variants in specific domains of BRCA1 and BRCA2 confer high risks of breast and ovarian cancer, but the great majority do not. 63, 64 For these genes, algorithms based on conservation, pedigree data, and analysis of tumor subtype can be used to predict the pathogenicity of some variants. 63, 65, 66 Similar considerations may apply to ATM and CHEK2 -missense variants falling in key functional domains and at positions that show a high degree of species conservation are more likely to be associated with increased risk. 67 However, even for BRCA1 and BRCA2, the breastcancer risk associated with the large majority of missense variants remains unknown; such variants are referred to as variants of unknown significance. Moreover, clearly pathogenic missense variants need not be associated with the same risk as truncating variants. For example, the CHEK2 missense variant p.Ile157Thr confers a lower risk of breast cancer than the CHEK2 c.1100delC truncating variant, 33 whereas ATM p.Val2424Gly appears to be associated with a higher risk of breast cancer than truncating variants (8.0; 90% CI, 2.8 to 22.5; P = 0.0005). 68 A more systematic approach to this problem would involve defining risks on the basis of variant classes that are defined through prediction algorithms based on in silico data. However, even though existing data provide good evidence that missense variants falling at highly conserved positions in several genes confer disease risk, and that such variants may make an important contribution to the heritability of breast cancer, 69 no system has been established for use in the classification of variants that would allow such estimates of risk to be used clinically.
Risk Modifiers and Absolute Risk s
For the purposes of genetic counseling, relative risks need to be converted into absolute risks. For an "average" mutation carrier, absolute risks can be calculated in a straightforward manner by combining the estimated relative risk with population incidence rates. The results are illustrated in Figure 1 for carriers of mutations in PALB2 and CHEK2.
However, the calculation of the absolute risk associated with a given variant must also account for the risk associated with other genetic factors, lifestyle, and family history. There is strong evidence that the absolute risk of breast cancer in carriers of BRCA1, BRCA2, PALB2, and Solid red lines represent summary estimates, and red dashed lines the upper and lower 90% confidence limits. The absolute risks were estimated by applying the estimates of relative risk to the rates for the incidence of breast cancer in England from 2003 through 2007 (obtained from the database Cancer Incidence in Five Continents, volume X). 36 The solid blue lines represent the cumulative risks according to these population incidence rates (i.e., corresponding to a relative risk of 1). Estimates ignore competing mortality (i.e., they represent the cumulative risks in the absence of death from another cause). The dashed horizontal black lines represent lifetime risks that are twice and four times as high as the population average. Thus, a "typical" carrier of the CHEK2 mutation is likely to fall into the category of moderate risk. The best estimate for carriers of the PALB2 mutation places them in the high-risk category, but the confidence interval for the estimate is such that their risk may be moderate. These estimates constitute average cumulative risks (for a woman not selected for other risk factors) and are modified by other risk factors, including family history. CHEK2 mutations is higher among women with a strong family history of breast cancer. 10, 22, 30, 70 It has also been shown that the absolute risk of breast cancer in carriers of BRCA1 and BRCA2 mutations depends on the risks associated with their single-nucleotide-polymorphism (SNP) profile. 71 A broader question is that of how the risks associated with genetic variants should be combined with risk factors associated with lifestyle. Several studies indicate that the risks associated with common SNPs and other risk factors combine in a multiplicative rather than an additive fashion, [72] [73] [74] and it would be reasonable to assume that rare variants combine with other risk factors in a similar manner. The evidence regarding the combined effects of genetic and lifestyle factors is both limited and conflicting for variants in BRCA1 and BRCA2, 75 and no evidence is available for other genes. In addition, absolute risks need to be adjusted for competing risks in analyses of mortality, a factor that may be important in to our understanding of genes associated with cancers other than breast cancer.
Almost all the available data relate to women of European ancestry. At present, it is unclear whether the available estimates of relative risk can be safely extrapolated to women of other ancestries or to populations with different incidences of breast cancer.
Conclusions
We have discussed some of the difficulties of assigning risk to rare variants and reviewed the genes for which the evidence of association with breast cancer is sufficiently robust to be incorporated into personalized risk prediction. Variants that are predicted to truncate BRCA1 and BRCA2 (together with a subset of missense variants) confer a high risk of breast cancer; PALB2 and perhaps PTEN may also fall in this category, but the evidence is insufficient to place them confidently in the category of high risk rather than moderate risk. For TP53, both missense and protein-truncating variants are associated with substantially increased risks of breast cancer. Genes that fall into the category of moderate risk (for which fully deleterious mutations confer a risk of breast cancer that is two to four times as high as that in the general population) include CHEK2, ATM, and NF1. There is clear evidence for an association with risk of cancer for STK11, CDH1, and NBN, but the risk estimates are too imprecise for categorization. Estimates of risk for PTEN, STK11, and CDH1 are derived entirely from studies of selected patients identified through specialized clinics and may be seriously overestimated. We found insufficient evidence to establish any other genes as conferring a predisposition for breast cancer and would caution against their use in the prediction of breastcancer risk. As the costs of sequencing decline, it is inevitable that the use of gene-panel testing, and indeed whole-exome and whole-genome sequencing, will become widespread. Therefore, there is an urgent need for much larger, welldesigned population-and family-based studies in diverse populations that will provide reliable estimates of risk for the purpose of counseling. The systematic collection of data from ongoing use of panel testing linked to the epidemiologic and clinical data may also make an important contribution. Other genes that convey susceptibility to breast cancer (and perhaps rarer variants in noncoding sequences) will probably be identified and may be added to genetic-testing panels. Panel testing can make a useful contribution to prediction of a woman's risk of breast cancer, but end users need to be aware of the limitations of these panels.
